An RNA-Dependent RNA Polymerase Gene in Arabidopsis Is Required for Posttranscriptional Gene Silencing Mediated by a Transgene but Not by a Virus  by Dalmay, Tamas et al.
Cell, Vol. 101, 543±553, May 26, 2000, Copyright ª 2000 by Cell Press
An RNA-Dependent RNA Polymerase Gene in
Arabidopsis Is Required for Posttranscriptional Gene
Silencing Mediated by a Transgene but Not by a Virus
loss-of-PTGS or enhanced PTGS mutants in these or-
ganisms (Cogoni and Macino, 1997; Ketting et al., 1999;
Tabara et al., 1999) and Arabidopsis (Dehio and Schell,
1994; Elmayan et al., 1998).
Biochemical analysis has also contributed to under-
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Norwich NR4 7UH standing of PTGS through the identification of short (25
nucleotide) RNAs that are invariably associated withUnited Kingdom
PTGS in plants. These short RNAs of both sense and
antisense polarity correspond to the target of PTGS
(Hamilton and Baulcombe, 1999). Similar short RNA spe-Summary
cies have been associated with RNA interference in Dro-
sophila melanogaster. In in vitro extracts, they are pro-Posttranscriptional gene silencing is a defense mech-
duced by processing of larger dsRNAs (Zamore et al.,anism in plants that is similar to quelling in fungi and
2000) and provide sequence specificity to a system ofRNA interference in animals. Here, we describe four
RNA degradation (Hammond et al., 2000).genetic loci that are required for posttranscriptional
To shed more light on the mechanism of PTGS, wegene silencing in Arabidopsis. One of these, SDE1, is
carried out a mutation analysis of PTGS in Arabidopsisa plant homolog of QDE-1 in Neurospora crassa that
carrying two transgenes (Dalmay et al., 2000). One ofencodes an RNA-dependent RNA polymerase. The
these transgenes encodes a potato virus X:GFP vectorsde1 mutation was specific for posttranscriptional
(PVX:GFP) and is responsible for initiation of PTGS. Thegene silencing induced by transgenes rather than by
second transgene encodes a green fluorescent proteinviruses. We propose that the role of SDE1 is to synthe-
(GFP) reporter of silencing. In the absence of thesize a double-stranded RNA initiator of posttranscrip-
PVX:GFP transgene, this reporter gene was expressedtional gene silencing. According to this idea, when a
at a high level and the Arabidopsis plants were greenvirus induces posttranscriptional gene silencing, the
fluorescent under UV light. However, in the presence ofvirus-encoded RNA polymerase would produce the
the PVX:GFP transgene, there was PTGS of the GFPdouble-stranded RNA and SDE1 would be redundant.
reporter. This system was designed to combine ele-
ments of transgene- and virus-induced PTGS.
Introduction We report here that at least four genetic loci are re-
quired for PTGS in Arabidopsis. Mutant, silencing defec-
Posttranscriptional gene silencing (PTGS) in plants, tive (sde) plants differ from wild type in that they accu-
quelling in fungi, and RNA interference in animals are mulate high levels of GFP and PVX:GFP RNAs and low
responses to various types of foreign nucleic acid in- levels of the 25 nt RNAs associated with PTGS. We show
cluding viruses, transposons, transgenes, and double- that one of these mutant loci (sde1) encodes an RdRP-
stranded (ds)RNA (Vaucheret et al., 1998; Sharp, 1999). related protein. This finding confirms the similarity of
These processes represent natural systems of defense PTGS in plants with gene silencing phenomena in other
against viruses (Ratcliff et al., 1997, 1999) and transpo- organisms because the SDE1 protein is similar to QDE-1
sons (Ketting et al., 1999) that were first discovered from of N. crassa and to EGO-1 of C. elegans, which are
experiments with transgenes (Napoli et al., 1990; van required for quelling and RNAi, respectively (Cogoni and
der Krol et al., 1990), virus vectors (Ruiz et al., 1998), or Macino, 1999a; Smardon et al., 2000). The SDE1 protein
injected dsRNAs (Fire et al., 1998) in which the foreign is required for transgene silencing but not for virus-
nucleic acids were based on endogenous genes. The induced PTGS and, based on that finding, we propose
foreign nucleic acids caused the defense system to be that the role of SDE1 is to produce a dsRNA activator
targeted against these endogenous RNAs so that the of PTGS. According to this idea, SDE1 is not required for
organism exhibits a phenocopy of loss-of-function mu- virus-induced PTGS because the virus-encoded RdRP
tations in the corresponding genes. produces dsRNA as an intermediate in the replication
In Neurospora crassa and Caenorhabditis elegans, cycle.
there is compelling evidence that the quelling and RNA
interference mechanisms are related because both are Results
abolished by mutations in homologs of a Werner's dis-
ease syndrome gene (Cogoni and Macino, 1999b; Ket- Mutation Analysis of PTGS in Arabidopsis
ting et al., 1999), an eIF2C translation factor gene (Ta- To identify genes required for PTGS, we carried out
bara et al., 1999; Catalanotto et al., 2000), and an RNA- fast neutron mutagenesis of an Arabidopsis line
dependent RNA polymerase (RdRP) gene (Cogoni and [GFP142xAmp243] (Dalmay et al., 2000). This line is de-
Macino, 1999a; Smardon et al., 2000). In due course, rived from the F2 progeny of a cross between parental
this list will be extended by characterization of other lines GFP142 and Amp243 carrying 35S-GFP and 35S-
PVX:GFP transgenes, respectively. We refer here to
[GFP142xAmp243] as ªGxAº and the Amp243 and³ To whom correspondence should be addressed (e-mail: david.
baulcombe@bbsrc.ac.uk). GFP142 parental lines as ªAº and ªGº, respectively.
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transgenes is essential for the strong PTGS phenotype
of this line. When present alone, the 35S-PVX:GFP from
line A is able to mediate only weak PTGS and the 35S-
GFP transgene from line G is not silenced (Dalmay et
al., 2000). We anticipated that loss of PTGS in sde mu-
tants of GxA would prevent the degradation of GFP
mRNA and that the plants would be as green fluorescent
as the parental line G (Figure 1).
From a total of 150,000 M2 plants of 50 families, we
identified 64 plants that were candidate sde mutants of
GxA. The representative GFP phenotypes of these
plants are shown in Figure 1 with separate panels for
seedlings and mature plants. Of the 64 candidates, 51
were similar to wild-type line G: these plants exhibited
the GFP fluorescence in all tissues and throughout de-
velopment. We refer to this phenotype as ªfull greenº
(Figure 1, sde1[GxA] and sde2[GxA]). A secondary phe-
notype on some of these full green plants was slight
distortion of the leaf margins. A further 12 mutant plants
showed delayed loss of PTGS (Figure 1, sde3[GxA]). The
hypocotyl and cotyledons were red fluorescent, as in
the wild-type plants, but the true leaves were green
fluorescent, indicating that PTGS was lost. These plants
remained green fluorescent throughout development,
although the fluorescence was slightly less intense than
in the full green plants and the leaves did not show
any distortion. A third phenotype in a single plant was
transient loss of PTGS (Figure 1, sde4[GxA]). The young,
newly emerging leaves of this ªtransient greenº plant
were green fluorescent but the older, mature leaves were
red fluorescent, as in the wild type (Figure 1, wt[GxA]).
Emerging leaves on these plants had small spots of red
fluorescence that eventually converged so that entire
leaves were covered.
The PTGS in GxA depends on replication of the
PVX:GFP RNA encoded by the 35S-PVX:GFP transgene
(Dalmay et al., 2000), and loss of PTGS could be due to
mutation either of the transgene, of host genes required
for virus replication, or of genes required for silencing.
To differentiate these possibilities, we exploited our pre-
vious observation that weak PTGS in line A permits some
accumulation of PVX:GFP, whereas the enhanced PTGS
in GxA does not (Dalmay et al., 2000). We reasoned that
mutation of a host gene required for PTGS would allow
accumulation of infectious PVX:GFP in GxA. However,
if the mutation was in the 35S-PVX:GFP transgene or in
a host gene required for virus replication, there would
Figure 1. GFP Fluorescence in Progenitor and sde Mutant Plants be no accumulation of PVX:GFP.
The images were produced under UV light in a dissecting micro- To assay for infectious PVX:GFP we inoculated Nicoti-
scope and the red fluorescence is due to chlorophyll. GFP fluores-
ana benthamiana, a good host of PVX, with extracts ofcence appears green or yellowish-green in different tissues. The
the green fluorescent GxA mutants. The presence ofimages in the top and bottom six panels were taken one and three
virus was diagnosed by symptoms of PVX and by ex-weeks after germination, respectively. The images are of wild type
(wt), G, and GxA plants and of GxA plants carrying sde1, sde2, sde3, pression of viral GFP in the inoculated and systemically
and sde4 mutations as indicated. The distorted leaf phenotype of infected leaves. This test showed that 12 out of the 64
the sde1 and sde2 mutants is not evident in these images. Note Arabidopsis lines did not contain PVX:GFP, indicating
the red fluorescent petioles on the lower, older leaves of the sde3 that they harbored mutations in the 35S-PVX:GFP
mutants of GxA.
transgene or in a host gene required for virus replication.
These mutants were not used further in our analysis of
The GxA line carries both transgenes in the homozy- PTGS. The remaining lines did contain PVX:GFP and
gous condition and exhibits strong PTGS, manifested were candidate sde mutations. From a total of 190
as the almost complete absence of GFP RNA (Dalmay crosses, we classified the mutant loci in four comple-
et al., 2000). Under UV light, these plants exhibit red mentation groups: two with a full green phenotype (sde1
fluorescence due to chlorophyll rather than the green and sde2, 4 and 3 alleles of each), one with delayed
green phenotypes (sde3, 3 alleles), and one with thefluorescence of GFP (Figure 1). The presence of both
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Figure 2. Nuclear Run-Off and Northern Blot Analysis of Transgene
Expression
(A) GUS, ubiquitin (ubi), GFP, and PVX cDNAs were fixed onto nitro-
cellulose membranes that were hybridized with the 32P-labeled in
vitro transcripts of isolated nuclei from sde or wild-type (wt) [GxA] Figure 3. Transgene Methylation in Wild-Type and sde GxA Plants
lines. (A) Structure of the GFP transgene in 35S-GFP and 35S-PVX:GFP.
(B) RNA was isolated from young leaves of wild-type (wt) A, G, GxA, Features shown are the 35S promoter (35S) GFP coding sequence
and from sde mutants of the [GxA] plants. Northern blot analysis (black box, GFP), nopaline synthase terminator (tnos), and the PVX
was carried out using 32P-labeled probes corresponding to the full- sequence flanking GFP in 35S-PVX:GFP. The restriction sites for
length GFP RNA sequence (top) or rRNA (bottom). The RNA species HaeIII (H), and the lengths (in base pairs) of the expected digestion
detected were the genomic (G) and subgenomic (sg) length RNAs products are shown.
of PVX:GFP; GFP mRNA (GFP) and rRNA. The lane marked with an (B) Southern blot analysis with DNA from leaves of sde1[GxA] (lane
asterisk (*) contains five times more RNA than the others to show 1), sde2[GxA] (lane 2), sde3[GxA] (lane 3), wild type (wt) [GxA] (lane
the subgenomic RNAs in the wt A plant. 4), wt A (lane 5), and wt G (lane 6) plants using a full-length GFP
sequence probe. The numbers indicate the estimated length (in base
pairs) of the hybridizing DNA fragments.transient green phenotype (sde4, 1 allele). All sde1 and
sde2 lines with the full green phenotype exhibited the
slight distortion of the leaf margins. In our further analy- encode factors, most likely proteins, required for PTGS.
In the sde1 and sde2 lines, in which there was slightsis of the SDE loci, we decided to focus initially on SDE1,
SDE2, and SDE3 because mutations at these loci caused distortion of the leaves, the viral RNAs were more abun-
dant than in the sde3 lines in which the leaves werethe most complete loss of PTGS.
In further tests of transgene RNA levels and transcrip- normal. It is likely that these two phenotypes are related
and that leaf distortion is a symptom of PVX:GFP accu-tion in the wild-type and mutant lines, the results con-
firmed a PTGS basis for the sde mutations. Thus, in mulation.
nuclear run-off analysis (Figure 2A), the transgene tran-
scription in sde1, sde2, or sde3 lines was the same as Transgene Methylation in sde Mutants
In line GxA, the PTGS is associated with methylation ofin the wild-type GxA, whereas the steady state levels of
the GFP and PVX:GFP RNAs were much higher (Figure the 35S-GFP and 35S-PVX:GFP transgenes (Dalmay et
al., 2000). The GFP DNA in this line is partially resistant2B). The GFP RNA from the 35S-GFP transgene was as
abundant in the mutant lines as in the nonsilenced G to digestion by the methylation-sensitive restriction en-
zyme, HaeIII (Figure 3B, lane 4). In contrast, in the paren-line (Figure 2B). The level of PVX:GFP RNA from the
35S-PVX:GFP transgene was higher than in the parental tal lines A and G, in which silencing was weak or absent,
the GFP DNA was completely digested by these en-A line (Figure 2B), in which there was weak PTGS. Based
on these data, we consider it likely that the SDE loci zymes, indicating that it was not methylated (Figure 3B,
Figure 4. Genetic Map of the SDE1 Region and Amino Acid Sequence of SDE1
(A) The sde1 phenotype cosegregated with GL1 and F3H markers on chromosome 3. Twenty-six recombination events were detected between
ASN1 and r30025 among 300 chromosomes examined. There were 13 recombination events between ASN1 and SDE1 and between SDE1
and r30025, indicating that SDE1 is located between ASN1 and r30025. A QDE-1 homologous sequence was identified on BAC T9C5. The
BAC clones around T9C5, generated as part of the Arabidopsis Genome Sequencing Project, are indicated as horizontal lines. Close flanking
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lanes 5 and 6). The GFP DNA from the sde mutant lines
was also digested to completion, indicating that, associ-
ated with the loss of PTGS, the methylation of GFP DNA
was prevented (Figure 3B, lanes 1±3).
SDE1 Encodes a Homolog of the Neurospora
QDE-1 RNA Polymerase
We cloned SDE1 based on its position in the Arabidopsis
genome. First, we crossed lines carrying the sde1-1
allele (C24 ecotype) to a wild-type plant of the Landsberg
ecotype. Then, in the F2 generation, we tested plants
carrying both the 35S-GFP and 35S-PVX:GFP for coseg-
regation of the mutant sde1 phenotype with markers
from each of the five Arabidopsis chromosomes. From
this analysis, we showed that sde1 is on the bottom arm
Figure 5. Northern Blot Analysis of 25 nt RNAsof chromosome 3 between markers GL1 (48.4 cM) and
Low molecular weight RNA was isolated from leaves of wild-typeF3H (72.7 cM) (Figure 4A).
(wt) C24 (lane 1), wt A (lane 2), wt G (lane 3), wt[GxA] (lane 4), andFurther tests with chromosome 3 markers narrowed
sde1[GxA] (lane 5). Northern blot analysis was carried out using 32P-down the SDE1 locus to an interval of 6.8 cM (between
labeled probes corresponding to the full-length GFP sequence (A)markers ASN1 and r30025) at position 61.4±68.2 cM
or the 39 end of PVX (B).
(Figure 4A). This interval includes a homolog of a gene
in N. crassa (QDE-1) that is required for quelling (Cogoni
after the evolutionary divergence of plants and otherand Macino, 1999a). We therefore tested the possibility
eukaryotes. The most conserved regions of the proteinthat SDE1 is the Arabidopsis homolog of QDE-1 by seg-
sequences are in the C-terminal regions between resi-
regation analysis of close flanking markers and of the
dues 420 and 1070 (Figure 4B). However, none of the
DNA sequence. The close flanking markers confirmed
sequence motifs in this region were recognized in other
that a 45 kb interval spanning the QDE-1 homolog con-
proteins of known function.
tained SDE1 on BAC T9C5 (Figure 4A). Finally, from
the sequence of four independent mutant alleles, we
25 Nucleotide RNA in an sde1 Mutant
confirmed that SDE1 was the QDE-1 homolog (Figure
A predicted role of host-encoded RdRP in PTGS is in
4B). Two of these alleles had single nucleotide deletions production of antisense RNAs that would anneal with
that disrupted an SDE1 open reading frame (sde1-1: and thereby mediate degradation of the target RNA
at position 1495 and sde1-2: at position 2955 of the (Kooter et al., 1999; Waterhouse et al., 1999). To test
transcribed sequence). A third allele had a 29 nt deletion this idea, we assayed the wild-type and sde1 mutant of
(sde1±3) at position 1545 of the transcribed sequence. GxA for the presence of 25 nt antisense RNAs corre-
We also identified the fourth mutant allele (sde1-4) that sponding to the 35S-GFP and 35S-PVX:GFP transgenes.
could only be PCR amplified with primers from the 59 We had previously shown that 25 nt RNAs correspond-
end of SDE1 (data not shown). Presumably, this allele ing to the sense and antisense polarity of transgene
had a deletion extending from the 39 transcribed region RNAs are invariably associated with PTGS (Hamilton
into the adjacent flanking region of SDE1. and Baulcombe, 1999). These short RNAs are also pro-
The sequence of SDE1 cDNAs obtained by 39 and 59 duced in PVX-infected plants. They correspond to parts
RACE revealed that the SDE1 protein is 113.7 kDa (1196 of the viral genome and are an indicator that protection
aa) and is encoded in a 4182 nt mRNA. Comparison of against viruses is related to PTGS of transgenes. Based
the cDNA and genomic sequences revealed that there on the previous analysis of transgenic and virus-infected
is one intron in the gene (424 nt at position 3127). From plants (Hamilton and Baulcombe, 1999), we predict that
the partial genome sequence of Arabidopsis, we de- there would be three populations of 25 nt RNA in the
tected three additional SDE1 homologs. In addition, as wild-type GxA plants. One population would be derived
in the analysis of QDE-1 and EGO-1 (Cogoni and Macino, from the replicating PVX:GFP RNA and the other two
1999a; Smardon et al., 2000), we detected similarity with from the mRNA of 35S-PVX:GFP and 35S-GFP trans-
the RdRP of tomato (Schiebel et al., 1998) and with genes. The relative contribution of the 35S-GFP RNA-
proteins encoded in C. elegans and Schizosaccharo- derived population would be indicated by the ratio of
myces pombe (Figure 4B). The plant sequences were GFP and PVX sequences in the 25 nt RNA.
all more similar to each other than to the animal and As expected, the 25 nt GFP or PVX RNAs were absent
fungal homologs (S. R., unpublished data), indicating from nontransformed plants or line G in which PTGS
was not active (Figure 5A, lanes 1 and 3; Figure 5B,that the multiplicity of the plant homologs was generated
CAPS markers next to T9C5 and within T9C5 were used to locate SDE1 within the 59 45 kb of T9C5. The number of recombination events
among the number of chromosomes examined is shown at each marker.
(B) Alignment of the SDE1 protein with related sequences. The sequences displayed are tomato (tomato RdRp sequence EMBL: Y10403),
athf10b6 (Arabidopsis RdRp homolog on BAC F10B6 EMBL: AC006917), athf2p3 (Arabidopsis EMBL: O82504), athf6f22 (Arabidopsis EMBL:
O82190), atht9c5 (Arabidopsis SDE1), S. pombe (S. pombe EMBL: O14227), N. crassa (N. crassa QDE-1), and C. elegans (C. elegans EMBL:
Q19285). Identity with the consensus is shown in black, similarity with the consensus is shaded in gray.
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lanes 1 and 3). Also as expected, and consistent with a
role in PTGS, the 25 nt GFP RNAs were abundant in
wild-type GxA (Figure 5A, lane 4) (Dalmay et al., 2000).
However, the 25 nt PVX RNAs were undetectable in that
line (Figure 5B, lane 4). It is likely, therefore, that the 25
nt GFP RNAs in GxA were derived from the 35S-GFP
mRNA rather than the replicating PVX:GFP RNA or the
35S-PVX:GFP mRNA. Consistent with that interpreta-
tion, the full-length viral PVX:GFP RNAs were not detect-
able in wild-type GxA (Figure 2).
In the sde1 mutant, the GFP 25 nt RNAs were 6-fold
less abundant than in the wild-type plants (Figure 5A,
lane 5). In contrast, the PVX 25 nt RNAs, having been
undetectable in the wild type, were more abundant (Fig-
ure 5B, lanes 4 and 5) in the mutant. We cannot formally
rule out that these PVX 25 nt RNAs were derived from
the 35S-PVX:GFP transgene mRNA. However, it is more
likely that they were derived from the replicating
PVX:GFP RNA that was present at elevated levels in the
sde1 mutant (Figure 2). If that is the case, the sde1
mutation would be specific for PTGS induced by a
transgene but not by a virus. The reduced level of the
25 nt GFP RNAs would be due to the absence of the
populations derived from the mRNA of 35S-PVX:GFP
and 35S-GFP transgenes and the low level of 25 nt PVX
and GFP RNAs would be the population derived from Figure 6. SDE1 Is Not Required for Virus-Induced Gene Silencing
the replicating PVX:GFP RNA. RNA was isolated from leaves of crTMV- (A) or TRV- (B) infected
wild-type (wt) [GxA] and sde1[GxA] plants. Northern blot analysis
sde Mutations Affect Transgene- but Not was carried out using 32P-labeled probes corresponding to the 59
part of crTMV (A top), to the 39 part of TRV RNA1 (B top), and toVirus-Induced Gene Silencing
rRNA (A and B bottom). The RNA species detected were the genomicTo further investigate the possibility that SDE1 is re-
RNA of crTMV (TMV), genomic (TRV1 and TRV2), or subgenomicquired for transgene- but not virus-induced PTGS, we
(sg1 and sg2) length RNAs of TRV, and rRNA.inoculated the crucifer strain of tobacco mosaic virus (C) Photographs were taken of TRV-PDS-infected sde1[GxA] and
(crTMV) and tobacco rattle virus (TRV) to wild-type and wt[GxA] plants, two weeks after inoculation. The white areas are a
sde1 mutant lines of Arabidopsis. The pattern of initial result of photobleaching due to the PTGS of the PDS gene.
TRV symptoms in Arabidopsis (data not shown) followed
by ªrecoveryº is diagnostic of PTGS (Ratcliff et al., 1997,
1999). In addition, from previous analyses, it was known Discussion
that PTGS is a limiting factor in the accumulation of
these viruses in infected plants (Voinnet et al., 1999).
A Role for RdRP in PTGS
If SDE1 is involved in virus-induced PTGS, we ex-
We have used mutagenesis of Arabidopsis to identifypected that the viral RNAs would be more abundant
four genetic loci controlling PTGS. One of these, SDE1,in the mutants than in the wild-type plants. Northern
has been cloned and, based on mutant phenotype andanalysis (Figures 6A and 6B) showed however, that the
sequence, we conclude that the SDE1 protein carriessde1 mutation did not affect accumulation of these viral
out the same PTGS role as the QDE-1 protein of N.RNAs: the viral genomic and subgenomic RNAs were
crassa (Cogoni and Macino, 1999a). This role is likelyequally abundant on the mutant and wild-type plants.
to involve RdRP activity since QDE-1 and SDE1 shareSimilar results were also obtained with plants infected
extensive similarity with the RdRP of tomato (Schiebelwith turnip crinkle virus (data not shown).
et al., 1998).Our second test of virus-induced PTGS in the sde1
The role of an RdRP in PTGS was predicted severalmutant line exploited the ability of TRV vector constructs
years ago (Lindbo et al., 1993) and more recently variousto silence expression of nuclear genes. For example,
PTGS models have been proposed in which this enzymeinfection of wild-type Arabidopsis with a TRV vector
uses a double-stranded RNA template (Kooter et al.,harboring an insert of phytoene desaturase sequence
1999; Waterhouse et al., 1999). Consistent with thesecaused a striking photobleached symptom. These
models, it is well established that dsRNA is the initiatorsymptoms were due to virus-induced PTGS of the en-
of RNA interference in animals (Fire et al., 1998; Mont-dogenous phytoene desaturase gene leading to sup-
gomery et al., 1998; Sharp, 1999). In plants, a role ofpression of photoprotective carotenoid production (Fig-
dsRNA could explain why inverted repeat transgenesure 6C). The same phenotype developed on the sde1
and coexpressed sense and antisense RNA can induceplants at the same rate as in the wild-type plants. Our
PTGS (Stam et al., 1997; Hamilton et al., 1998; Water-interpretation of these symptoms, as with the 25 nt RNA
house et al., 1998): the readthrough transcripts of the(Figure 5) and viral RNA accumulation data (Figures 6A
inverted repeats could form intramolecular RNA du-and 6B), is that the SDE1 locus is not required for virus-
induced PTGS. plexes and the sense and antisense RNAs could form
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in this scheme would be viral RdRP-dependent synthe-
sis of dsPVX:GFP RNA as a virus replication intermediate
(Figure 7, stage 1). The presence of this dsRNA would
then lead to the production of short antisense RNAs
(Figure 7, stage 2). A precedent for this process could
be the processing of dsRNA in extracts of Drosophila
cell cultures that exhibit aspects of RNAi in vitro (Zamore
et al., 2000). The short RNAs could provide specificity
to a process of RNA degradation, also as in an in vitro
system of RNAi (Hammond et al., 2000), and thereby
account for PTGS by the 35S-PVX:GFP transgene (Fig-
ure 7, stage 3). In addition, the antisense RNAs could
anneal with sense GFP RNA from the 35S-GFP trans-
gene (Figure 7, stage 4) and, assuming that SDE1 re-
quires a primer, mediate the SDE1-dependent synthesis
of double-stranded RNA (Figure 7, stage 5).
In wild-type plants the SDE1-dependent process
would operate as a cycle because the antisense RNA
produced from the GFP dsRNA (Figure 7, stage 6) would
Figure 7. A Schematic Representation of PTGS in GxA be functionally equivalent to the PVX:GFP antisense
The GxA line harbors three mediators of PTGS. There are two RNA (Figure 7, stage 4): it would mediate PTGS (Figure
transgenes (35S-GFP and 35S-PVX:GFP) and the replicating 7, stage 7) and it could prime secondary production of
PVX:GFP (vRNA). The v RNA is copied into double-stranded viral
dsRNA by annealing to the sense GFP RNA from theRNA (v dsRNA) by the virus-encoded RNA-dependent RNA polymer-
35S-GFP transgene (Figure 7, stage 8). A key feature ofase (v RdRP). The v dsRNA in turn is processed to antisense RNA
this scheme is that, as in many examples of PTGS, there(v asRNA) that mediates PTGS. In GxA and the parental line A, the
PTGS is weak because the PVX replication is inefficient in Arabi- are separate genetic elements responsible for initiation
dopsis. The v as RNA is also able to anneal to the sense RNA and maintenance. The viral RNA would mediate initiation
transcript of the transgenes (tr RNA) and prime SDE1-dependent (Figure 7, stages 1±3) and the transgenes would mediate
synthesis of double-stranded RNA tr dsRNA. The tr dsRNA is then
the maintenance stages (Figure 7, stages 5±8) of theprocessed into antisense RNA (tr asRNA) that mediates PTGS and
PTGS process. A second important feature of this modelis also able to anneal with the tr RNA. The numbers 1±8 refer to
is the ability of the maintenance process to be self-different stages in the process as described in the main text.
sustaining through the secondary production of dsRNA
by annealing to the sense GFP RNA from the 35S-GFP
transgene (Figure 7, stage 8).intermolecular duplexes. Similarly, the dsRNA interme-
The biochemical properties of plant-encoded RdRPdiate in virus replication could explain why RNA viruses
are largely consistent with the scheme proposed in Fig-are efficient initiators of PTGS (Ratcliff et al., 1997, 1999;
ure 7. The sequence of the protein is similar to that ofRuiz et al., 1998).
SDE1 (Schiebel et al., 1998) and the in vitro product isHowever, the models in which dsRNA is an RdRP
double-stranded (Schiebel et al., 1993a; Schiebel et al.,template are not consistent with the analysis described
1993b). There is no evidence that the plant RdRP re-here in which SDE1 is required for PTGS induced by a
quires a primer in vitro as indicated in Figure 7. However,transgene, but not by a replicating PVX:GFP RNA (Fig-
the sequence of the biochemically characterized en-ures 5 and 6). If dsRNA is the template of the SDE1
zyme (Schiebel et al., 1998) is more closely related toRdRP, then sde1 mutations should affect PTGS in both
other Arabidopsis homologs than to SDE1 (S. R., unpub-transgenic and virus-infected plants. Our alternative ex-
lished data) and it remains possible that there is func-planation is that the SDE1 RdRP does not use the dsRNA
tional variation in the different forms of RdRP. It is alsoas template but that it is responsible for its synthesis.
possible that the RdRP requires a primer in vivo but notIn this scenario, virus- and transgene-induced PTGS
in vitro.would use different mechanisms for production of dou-
ble-stranded RNA. In transgenic plants, the production
of dsRNA would be SDE1 dependent whereas in virus- Separate Initiation and Maintenance Stages of PTGS
induced PTGS, it would be synthesized by a viral RdRP This differentiation of initiation and self-sustaining main-
and independent of SDE1. tenance stages, as indicated in Figure 7, is a feature of
many examples of PTGS. For example, in virus-induced
PTGS the presence of the virus is not required once theAn SDE1-Mediated Cycle of PTGS
In GxA, the PTGS is due to a combination of replicating process has been initiated (Ruiz et al., 1998). Similarly,
when a graft-transmissible signal initiates PTGS of aPVX:GFP RNA and transgene RNA (Dalmay et al., 2000).
The PTGS from the 35S-PVX:GFP and 35S-GFP trans- highly expressed transgene, the PTGS phenotype per-
sists even after the graft union is broken (Palauqui andgene RNAs would be dependent on SDE1. In contrast,
the replicating PVX:GFP viral RNA (encoded by the 35S- Vaucheret, 1998; Voinnet et al., 1998). In both of these
examples, as in Arabidopsis line GxA, the transgenePVX:GFP transgene) would mediate PTGS in an SDE1-
independent manner. Figure 7 provides a schematic rep- would maintain the process once it had been initiated.
The initiators would be the viral RNA or the silencingresentation of interactions between the viral RNA and
the transgenes that would lead to PTGS. The first stage signal molecule. The SDE1 cycle proposed in Figure 7
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could also explain aspects of RNA interference in C. (Dalmay et al., 2000). We proposed that the presence
elegans (Fire et al., 1998). There is clearly an amplifica- of replicating PVX:GFP RNA initiates PTGS and leads,
tion step in RNA interference that could be similar to either directly or indirectly, to transgene methylation
the maintenance of PTGS in plants (Fire et al., 1998). through an RNA±DNA interaction. Now, with the finding
In addition, as in plants, an RdRP homolog (EGO-1) is that the transgenes in the sde mutants are not methyl-
required for RNA interference in C. elegans (Smardon ated despite the presence of viral PVX:GFP RNA (Figures
et al., 2000). 2 and 3), we conclude that the transgene methylation
Although a self-sustaining cycle involving an RdRP is not directly due to viral PVX:GFP RNAs. A more likely
may be important in many examples of PTGS, there possibility is that transgene methylation is mediated by
may also be examples in which this process does not the 25 nt GFP RNAs. In this scenario, the viral PVX:GFP
operate. For example, as with virus-induced PTGS de- RNA would participate indirectly in the proposed RNA±
scribed here (Figures 5 and 6), if the production of DNA interaction via the SDE1 cycle as depicted in Fig-
dsRNA does not require a host-encoded RdRP there ure 7.
would be no requirement for SDE1. Thus, when dsRNA The involvement of the 25 nt RNAs is supported by the
is produced as a direct result of readthough transcrip- finding that the 35S-GFP and 35S-PVX:GFP transgenes
tion of inverted repeat transgenes (Stam et al., 1997, were methylated only in the wild-type GxA line, when
1998), the PTGS may be SDE1 independent. Similarly, the 25 nt GFP RNAs were most abundant (Figure 5). In
with antisense transgenes, the PTGS could be main- all other samples, including the parental lines G and A,
tained in an SDE1-independent manner if dsRNA is gen- or in the sde1 GxA mutant, the transgenes were not
erated by annealing of an antisense transgene transcript methylated and the 25 nt GFP RNAs were less abundant
with the sense RNA of another transgene (Waterhouse than in the wild-type GxA. There is also coincidence of
et al., 1998). sequence specificity: the 25 nt RNA species in GxA are
specific to GFP rather than PVX sequences (Figure 5)
Strong and Weak PTGS with Different Transgenes and, likewise, the 35S-PVX:GFP transgene is methylated
The proposed involvement of the 35S-GFP and 35S- in the GFP- rather than the PVX-specific regions (Dalmay
PVX:GFP transgenes and the replicating PVX:GFP RNA et al., 2000).
accounts for different levels of PTGS in wild-type GxA, However, we still do not know the role of transgene
sde1 mutant GxA, and in the wild-type line A. Thus, in methylation in PTGS. We had suggested previously that
wild-type GxA, the PTGS would be strong because it examples of PTGS with an epigenetic component could
would be initiated by the replicating PVX:GFP RNA and be identified by transgene methylation (Jones et al.,
maintained by the 35S-GFP transgene. This transgene 1999; Dalmay et al., 2000). This possibility cannot be
is transcribed at a high level and would provide an abun- ruled out. However, as there could be an SDE1-depen-
dant substrate for SDE1 (Figure 7). In the parental line dent cycle of PTGS operating at the RNA level (Figure
A, the PTGS is weaker than in GxA because the two 7), we can now appreciate that an epigenetic effect need
sources of PTGS (the 35S-PVX:GFP transgene RNA and not involve changes at the DNA or chromatin level. If
the replicating PVX:GFP RNA) are both weak silencers. the methylation does have a causal role in the gene
With the 35S-PVX:GFP transgene, the PTGS is weak silencing mechanism, it could be in a secondary process
because most of its transcripts terminate prematurely that reinforces the proposed SDE1-dependent PTGS
(Dalmay et al., 2000). The replicating PVX:GFP RNA is cycle.
a weak silencer because it replicates only inefficiently
in Arabidopsis. However, the weakest silencing of all of
Natural Roles of PTGSthe examples described here is in the sde1 mutant GxA.
The role for PTGS in defense against viruses andThe mutant phenotype would mean that there would
transposons is well established (Ratcliff et al., 1997,be no PTGS due to the 35S-GFP and 35S-PVX:GFP
1999; Ketting et al., 1999). Other roles, for example intransgenes. Thus, the only effective silencing agent in
development and basic cellular function, have been pro-these plants would be the inefficiently replicating
posed (Voinnet et al., 1998). SDE1 is not required forPVX:GFP RNA.
virus-induced PTGS and it is unlikely to be involved inThe relationship between these different elements in
the antiviral defense role of PTGS. Similarly, a role inthe process is complicated by the potential of the vari-
development or basic cellular function is also unlikelyous RNA species to be both mediators and targets of
because the sde1 plants grow and develop normally.PTGS. Nevertheless, there is the expected relationship
A more likely possibility is that SDE1 is required forbetween the level of PTGS and the level of viral PVX:GFP
protection against transposable DNA, as for the MUT7RNA. Thus, in wild type GxA when the PTGS is strongest,
PTGS locus in C. elegans (Ketting et al., 1999).the viral PVX:GFP RNA is almost undetectable (Figure
None of the other three SDE loci are likely to have a2) whereas in the sde1mutant, when the PTGS is weak-
role in development or basic cellular function because,est, the viral PVX:GFP RNA is at its highest level (Figure
like the sde1 mutants, the plants grow and develop nor-2). Line A represents an intermediate level of PTGS and
mally. The sde2 and sde3 mutants have a PTGS pheno-a correspondingly intermediate level of viral PVX:GFP
type that is similar to sde1, indicating they are alsoRNA (Figure 2).
involved in the stage of the PTGS mechanism providing
protection against transposons. These genes could en-The Effect of SDE1 on Transgene Methylation
code proteins that are involved, for example, in stabiliz-In our previous characterization of GxA, we noted that
ing sense/antisense RNA complexes (Figure 7, stage 8)transgene methylation depends on the combined pres-
ence of the 35S-PVX:GFP and the 35S-GFP transgenes or, perhaps, they are subunits of an RdRP complex. It
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DNA Analysishas been noted previously that plant-encoded RdRPs
Genomic DNA was extracted from leaves, and Southern blot analysisincluding SDE1 do not have the characteristic motifs of
was performed as described (Jones et al., 1999). The 32P-labeledRNA polymerases and that the holoenzyme may include
DNA probes corresponded to the entire 812 nt of GFP cDNA.
additional, as yet uncharacterized proteins (Baulcombe,
1999). Genetic Mapping and DNA Sequence Analysis
A set of CAPS markers described by Konieczny and Ausubel (1993)It is striking that out of 11 mutant alleles characterized
was used to detect polymorphism between the Columbia and Lands-in this study, there is only one (sde4) with a distinct
berg ecotypes and to map sde loci to the 10 chromosome arms.phenotype indicating that it may not act at the same
However, several of these markers did not show polymorphism
stage in the PTGS mechanism as SDE1. We have yet between C24 and Landsberg ecotypes and in some instances it
to characterize this mutant in detail. However, our failure was necessary to generate alternative markers. The detail of those
to identify large numbers of mutants with, for example, markers is available on our website (http://www.jic.bbsrc.ac.uk/
science/index.htm).defective RNA targeting or signaling of PTGS may indi-
The sde1 mutation was located adjacent to GL1 (nine recombina-cate that there are parts of the PTGS mechanism with
tion events) and F3H (two recombination events) in a screen of thirtyroles in development or basic cellular function. If that
mutants and thirty wild-type plants in an F2 mapping population.
is the situation, the fast neutron mutagenesis used here To locate the map position of this locus more precisely, we gener-
may be inappropriate for the study of these functions ated three markers at the positions of ASN1, r30025, and AP3La
and the F2 mapping population was expanded to 150 plants. Thebecause it generates deletion mutants with a null pheno-
screen with these three markers and F3H allowed us to concludetype. To complete the mutagenesis of PTGS, it may
that SDE1 is approximately halfway between ASN1 and r30025 inbe necessary to produce point mutations and develop
a region that had been cloned and sequenced as part of the Arabi-
conditional mutant screens. dopsis Genome Sequencing Project (http://www.genoscope.cns.fr).
Using the BLAST program (Altschul et al., 1990) we identified a
QDE-1 homologous sequence in the BAC clone, T9C5 (accession
number EMBL: AL132964), in the region close to SDE1. Using anExperimental Procedures
F2 mapping population of 610 plants and another 8 CAPS markers,
the SDE1 locus was positioned between 1 and 45,000 bp on theTransgenic Plants and Mutagenesis
T9C5 BAC clone. The sequence of the CAPS marker primers isThe wt A, wt G, and wt[GxA] Arabidopsis (C24) were described
available on request.(Dalmay et al., 2000) as Amp243, GFP142, and GFP142xAmp243,
Five overlapping DNA fragments were generated by PCR fromrespectively. The wt A contains a 35S-PVX:GFP and wt G carries a
the wt, sde1-1, sde1-2, and sde1-3 plants at the position in BAC35S-GFP transgene. Both lines are homozygous and have a single
T9C5 positions 22,000±30,000 kb and sequenced directly using thecopy of the respective transgene. The wt[GxA] is the progeny of a
Big Dye Terminator Mix (PE Applied Biosystem). The sequencingcross between the two lines above and it is homozygous for both
reactions were resolved on an ABI377 automated sequencer (Ap-of the transgenes. 10,000 seeds from [GxA] were mutagenized by
plied Biosystem, La Jolla, CA, USA). The regions where mutationexposure to fast neutrons at the International Atomic Energy Agency
was found were sequenced on both strands from three independent(Vienna, Austria) using a 60 Gy unit. The M1 seedlings were pooled
PCR reactions from both the wt and the mutant plants.into 50 pools of 200 plants. 3000 M2 plants were screened from
The 59 and 39 ends of the SDE1 cDNA were determined by rapideach pool.
amplification of cDNA ends (RACE) by using the Marathon cDNA
amplification kit (Clontech). RACE products were cloned into
pGEM-T plasmid (Promega) and sequences of 10 independent 39GFP Imaging
and 59 end clones were determined. The cDNA library, obtainedGFP expression was monitored using an MZ12 dissecting micro-
by the Marathon cDNA amplification kit (Clontech), was used as ascope (Leica, Heidelberg, Germany) coupled to an epifluorescence
template to PCR amplify five overlapping fragments that were di-module. Photographs were taken using Kodak Ektachrome Panther
rectly sequenced. The number and location of intron(s) was deter-(400 ASA) film.
mined by comparing the sequence data obtained from the genomic
DNA with the data obtained from the cDNA.
Other protein sequences homologous to SDE1 were identified
RNA and Nuclear Run-Off Transcription Analysis
using the BLASTP program (Altschul et al., 1990). Protein sequences
RNA gel blot analysis was performed as described previously were obtained and collated using the Wisconsin package (Wisconsin
(Mueller et al., 1995). DNA fragments were labeled by random prim- Package Version 10.0, Genetics Computer Group [GCG], Madison,
ing incorporation of 32P-dCTP (Amersham). After hybridization, the WI). Sequence alignments were produced using CLUSTALW
signal present in the membranes was analyzed and quantified using (Thompson et al., 1994) and were displayed using PRETTYBOX from
the Fujix Bio-Imaging Analyzer Bas 1000 (Fuji Photo Film Co., Ltd., the Wisconsin package.
Fuji, Japan) equipment. Polymerase chain reaction, amplified, full- The sequence data of the SDE1 cDNA has been deposited in the
length GFP DNA was used for the GFP specific probe. The crTMV GenBank database (Accession number AF268093). The sequence of
specific probe was generated using a 3 kb DNA fragment from the the mutants is available on our website (http://www.jic.bbsrc.ac.uk/
59 end of crTMV. TRV RNA was detected with a probe made of a welcome.htm).
BstEII and SmaI fragment (5345±6792) of a TRV1 clone (pTR7116)
(Hamilton and Baulcombe, 1989) which can hybridize weakly with Wild-Type and Recombinant Viruses
TRV RNA2 due to the approximately 300 nt sequence identity at the The crTMV strain that infects Arabidopsis was obtained from Dr. J.
39 end of RNA1 and RNA2. Atabekov (Dorokhov et al., 1994) and the PPK20 strain of TRV from
The 25 nt RNAs were extracted and probed as described (Hamil- Dr. J. Bol (Leiden University). The TRV vector carrying the phytoene
ton and Baulcombe, 1999; Dalmay et al., 2000). Full-length GFP desaturase fragment is similar to TRV:GFP described previously
cDNA or a 1 kb fragment from the 39 end of PVX RNA (containing (Ratcliff et al., 1999) and will be described in more detail elsewhere
the coat protein and 39 UTR) was used to generate the probes. (F. Ratcliff, A. Montserrat Martin Hernandez, and D. C. B., unpub-
Nuclei for run-off transcription analysis were isolated as described lished data). The insert in RNA2 of the TRV:phytoene desaturase
(Covey et al., 1997), and incorporation of uridine 59-32P-triphosphate vector is 1770 nt of the Arabidopsis phytoene desaturase sequence.
(Amersham) was determined by probing 1 mg of the appropriate
DNA samples immobilized as slots on Hybond-N1 membranes (Am- Acknowledgments
ersham). Incorporation was assessed by using a Fujix Bio-Imaging
Analyzer BAS 1000 (Fuji Photo Film Co., Ltd., Fuji, Japan) as de- We thank John Bol and Joseph Atabekov for viral strains. Frank
Ratcliff and Ana Montserrat Martin Hernandez provided access toscribed (Mueller et al., 1995).
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